The iab-4 noncoding RNA from the Drosophila bithorax complex is the substrate for a microRNA (miRNA). Gene conversion was used to delete the hairpin precursor of this miRNA; flies homozygous for this deletion are sterile. Surprisingly, this mutation complements with rearrangement breakpoint mutations that disrupt the iab-4 RNA but fails to complement with breaks mapping in the iab-5 through iab-7 regulatory regions. These breaks disrupt the iab-8 RNA, transcribed from the opposite strand. This iab-8 RNA also encodes a miRNA, detected on Northern blots, derived from the hairpin complementary to the iab-4 precursor hairpin. Ultrabithorax is a target of both miRNAs, although its repression is subtle in both cases. Received September 10, 2007; revised version accepted November 9, 2007. It has long been known that there are many noncoding RNAs (ncRNAs) made from the bithorax complex (BX-C) in addition to the mRNAs encoding the three homeobox transcription factors. Some of these ncRNAs have been recovered from cDNA libraries (Lipshitz et al. 1987; Cumberledge et al. 1990) , and many more have been detected by in situ hybridization to RNA in embryos (Sánchez-Herrero and Akam 1989; Bae et al. 2002 ). It has not been possible to assign any function to these ncRNAs, although there has been speculation that they may set the state of Polycomb Response Elements (Bender and Fitzgerald 2002; Hogga and Karch 2002; Rank et al. 2002; Schmitt et al. 2005) .
It has long been known that there are many noncoding RNAs (ncRNAs) made from the bithorax complex (BX-C) in addition to the mRNAs encoding the three homeobox transcription factors. Some of these ncRNAs have been recovered from cDNA libraries (Lipshitz et al. 1987; Cumberledge et al. 1990) , and many more have been detected by in situ hybridization to RNA in embryos (Sánchez-Herrero and Akam 1989; Bae et al. 2002 ). It has not been possible to assign any function to these ncRNAs, although there has been speculation that they may set the state of Polycomb Response Elements (Bender and Fitzgerald 2002; Hogga and Karch 2002; Rank et al. 2002; Schmitt et al. 2005) . Aravin et al. (2003) characterized a large number of microRNA (miRNA) clones prepared from Drosophila RNA at a variety of developmental stages. Two of these clones matched sequences from the BX-C, mapping to the 3Ј end of a ncRNA discovered by Cumberledge et al. (1990) (Fig. 1 ). This ncRNA was called the "iab-4 RNA," because it was thought to come from the iab-4 segmental domain of the BX-C, and the miRNAs were named miR-iab-4 5p (five prime) and miR-iab-4 3p (three prime). More recent mapping of segmental domains (Bender and Hudson 2000) has shown that the RNA actually lies in the iab-3 domain (regulating parasegment 8), and indeed, the ncRNA is expressed from parasegment 8 through parasegment 12 ( Fig. 1 ; Cumberledge et al. 1990 ). However, the iab-4 nomenclature is maintained here to avoid confusion with the designations in other studies. Two cDNA clones for the iab-4 RNA were described by Cumberledge et al. (1990) , with alternate 3Ј poly(A) sites separated by 304 base pairs (bp). The two miRNAs come from this region between these two poly(A) sites; both are presumably derived from a 70-base hairpin RNA precursor predicted from the sequence (Fig. 2) .
A recent study (Ronshaugen et al. 2005) suggested that the miR-iab-4 5p miRNA might be responsible for repression of Ubx in the abdominal segments where the miRNA is expressed. The conclusion was based on experiments in which miR-iab-4 5p was expressed at high levels in tissues, including the wing and haltere discs, where miR-iab-4 5p is not normally found. However, the pattern of UBX expression in PS8, where the miRNA is expressed, is very similar to the UBX pattern in PS7, which lacks the miRNA. The obvious repression of Ubx in both of these parasegments is clearly dependent on abd-A; any effect of miR-iab-4 5p must be subtle or redundant. Moreover, misexpression of miRNAs in other systems have been shown to give misleading effects (Bushati and Cohen 2007) . The function of miR-iab-4 5p can best be examined by mutating or deleting the miRNA.
Prior studies characterized a large number of P element insertions in the BX-C (Bender and Hudson 2000; Fitzgerald and Bender 2001) , including one called HCJ200, which maps only ∼200 bp proximal to the miRNAs. This provided the opportunity to mutate the miRNAs by P-element-mediated gene conversion (Nassif et al. 1994) . Loss of the miRNAs derived from the iab-4 ncRNA causes no apparent morphological or behavioral phenotype, but the analysis revealed a functional miRNA derived from the opposite strand.
Results and Discussion

Gene conversion
A 3.7-kb conversion donor fragment was constructed with a mutated version of the miRNA precursor sequence. The precursor sequence is symmetrically cut by the BstZ17I restriction endonuclease; this permitted the replacement of most of the precursor sequence with a double-stranded oligonucleotide-containing sites for the HindIII and I-SceI endonucleases (Fig. 2) . A plasmid with the donor sequence and a plasmid to supply P-element transposase were both injected into embryos with the HCJ200 (rosy + ) P insertion. Offspring from the injected individuals were screened for loss of the HCJ200 P element (i.e., rosy − ), and progeny from these exceptional flies were screened by PCR for a change in the size of the genomic DNA at the site of the insertion. One of 86 fertile injected animals gave the expected convertants. The conversion events were verified by sequencing the PCR product, and by whole-genome Southern blots. Genomic DNA was cut with HindIII, which cuts the oligonucleotide introduced in the conversion but does not cut the wild-type sequence within the 3.7-kb donor fragment. The sizes of the HindIII fragments on the Southern blot confirmed that the donor sequence was at the expected position in the BX-C and not at another genomic location.
Phenotype
Flies homozygous for the conversion chromosome (henceforth called "⌬miRNA") appeared normal. In par- ticular, no evidence of segmental transformation was seen in mounted adult abdominal cuticles of either sex. However, both sexes were sterile. Females had ovaries with eggs of normal size, but only very rare individuals ever laid an egg, even after mating with wild-type males, and these rare eggs never hatched. Males had morphologically normal testes containing motile sperm. In single-fly tests for mating behavior, ⌬miRNA homozygous females mated with wild-type males as readily as their heterozygous siblings. The ⌬miRNA homozygous males showed normal courtship behavior toward wildtype females, except that they never completed copulation. The mutant males mounted the females, but they did not bend their abdomens quite far enough to mate. Thus, the sterility in both sexes appeared to be behavioral, due to a defect in the nerves or muscles required to lay eggs or to curl the abdomen.
Complementation
The ⌬miRNA mutation was tested for complementation with rearrangement mutations in the BX-C, including several that should disrupt the iab-4 RNA transcript upstream of the position of the miRNA precursor. Surprisingly, breaks disrupting the iab-4 transcription unit complemented with ⌬miRNA-i.e., trans-heterozygotes were fertile (Fig. 1) . Thus, the iab-4 RNA is not the precursor for any miRNA that is responsible for fertility. In contrast, rearrangements distal to the position of the miRNAs failed to complement, even with breaks >50 kb distal ( Fig. 1) . Assuming that noncomplementing rearrangements are upstream in the precursor, one can deduce that the precursor is transcribed distal to proximal on the chromosome, and that the miRNA responsible for fertility comes from the opposite strand to those detected by Aravin et al. (2003) . Similarly, one would predict that the precursor transcript for the fertility miRNA spans at least the iab-7 through the iab-3 segmental domains.
Several studies have detected such a transcript (Sánchez-Herrero and Akam 1989; Zhou et al. 1999; Bae et al. 2002; Bender and Fitzgerald 2002) , which is usually called the iab-8 ncRNA. It has been detected and mapped solely by in situ hybridization to RNA in embryos, although the complementation analysis ( Fig. 1 ) now corroborates the in situ mapping, at least for the iab-4 through iab-7 region. Its start site is near Abd-B; it was detected by probes 4 kb proximal to the 3Ј end of the Abd-B transcripts ( Fig. 1 ; probe 8E of Bae et al. 2002; probe IAB8 of Zhou et al. 1999) . Zhou et al. (1999) defined a potential promoter for the iab-8 transcript, which lies ∼5 kb downstream from Abd-B, although their evidence did not preclude a start site further upstream. Bae et al. (2002) detected the iab-8 RNA upstream of the Abd-B class A RNA start site (the "BPP" probe, Fig. 1 ), suggesting a more distal start site. However, hybridization to the Abd-B class B RNA in the ninth abdominal segment (PS14) (Boulet et al. 1991; Kuhn et al. 1993) could have been mistaken for the iab-8 RNA pattern. Moreover, the iab-8 S10 breakpoint, just proximal to Abd-B, does complement the sterility phenotype of ⌬miRNA, and so the promoter for the iab-8 fertility function should be to the left of that break.
At the 3Ј end, the iab-8 RNA extends through abd-A. The iab-8 RNA in situ pattern was detected by a probe 5.5 kb proximal to the 3Ј end of the abd-A poly(A) site ( Fig. 1 ; probe "B" of Bender and Fitzgerald 2002; D. Fitzgerald and W. Bender, unpubl.) . Thus the transcription unit spans at least 120 kb. The iab-8 RNA has not been detected by probes in the bxd regulatory region, further proximal to abd-A (B. Pease, D. Fitzgerald, and W. Bender, unpubl.) .
The iab-8 transcript initiates at the cellular blastoderm stage (Zhou et al. 1999) , as do most of the other embryonic ncRNAs (Akam et al. 1985; Cumberledge et al. 1990; Bae et al. 2002) . However, it should take ∼45 min to transcribe to the position of the miRNA precursor hairpin, assuming a transcription speed of ∼1.3 kb/ min (Mason and Struhl 2003) . This would account for the developmental delay in the appearance of the RNA signal in Figure 1 . The iab-8 RNA is located in the eighth abdominal segment and in more posterior segmental rudiments. In late embryos, the transcript persists in the posterior end of the ventral nerve chord (Fig. 1) .
miRNAs on Northern blots
The complementation results predict a functional product from the part of the iab-8 RNA affected by the ⌬miRNA deletion. Northern blots were used to detect small RNAs from this region. Total RNA samples from various developmental stages of wild-type flies were separated on denaturing polyacrylamide gels and transferred to membranes. Probes were prepared against the expected miR-iab-4 5p and miR-iab-4 3p miRNAs, and also against the potential miRNAs that might be processed from the opposite strand (called miR-iab-8 5p and miR-iab-8 3p) (Fig. 2, gray boxes) . The probe directed against miR-iab-4 5p gave a prominent band migrating at ∼24 bases (Fig. 3 ). There were also a variety of highermolecular-weight products, especially in pupal RNA samples. The probe directed against miR-iab-4 3p showed the same higher-molecular-weight bands, but nothing in the 20-to 30-base range. The miR-iab-4 3p product was recovered in rare clones by two groups (Aravin et al. 2003; Stark et al. 2008 ), but it is too rare to be detected in these blots. The probe directed against miR-iab-8 5p gave a weak band in the ∼24-base region, as well as higher-molecular-weight bands (Fig. 3) . The probe against miR-iab-8 3p gave only the high-molecular-weight bands. (Hereafter, miR-iab-4 5p will be abbreviated as miR-iab-4, and miR-iab-8 5p will be abbreviated as miR-iab-8.) The miR-iab-8 product is the obvious candidate for the fertility phenotype. Since the miR-iab-8 signal was about five times weaker than that from the miR-iab-4 product, the miR-iab-8 miRNA must be quite rare, as one might expect from the limited expression pattern of the iab-8 RNA precursor. Since the miR-iab-4 and miR-iab-8 have very similar sequences (Fig. 2) , it seemed possible that the weaker miR-iab-8 signal might be due to cross-hybridization. However, the miR-iab-8 band migrated slightly more slowly than the miR-iab-4 band in adjacent lanes, and this migration dif- DNA sequences of the wild-type miR-iab-4 precursor region and of the ⌬miRNA derivative. The black boxes on the top strand indicate the miR-iab-4 5p and miR-iab-4 3p sequences reported by Aravin et al. (2003) . The gray boxes on the bottom strand indicate the hypothetical sequences of miR-iab-8 5p and miR-iab-8 3p, assuming they are near homologs to the known miRNAs from the top strand. The actual miR-iab-8 5p sequence is slightly shifted from this prediction (Stark et al. 2008) , and miR-iab-8 3p has not been detected to date. Dots between the top and bottom strands mark the base pairs conserved in the mosquito. The BstZ17I restriction sites were used to replace most of the hairpin region with sequences for the HindIII and I-SceI restriction enzymes.
ference was verified by stripping a miR-iab-8 Northern blot and rehybridizing with the probe to miR-iab-4.
Potential targets in the BX-C
It is difficult to predict the possible targets of miRNAs solely on the basis of sequence information because of the possibilities for mismatches and loop-outs in the miRNA/target duplex. In two initial studies of potential Drosophila miRNA targets (Stark et al. 2003; Enright et al. 2003) , the rank orders of the predicted targets of miR-iab4 were discordant, presumably because the search algorithms were somewhat different. The homeotic transcription factors of the BX-C, UBX, ABD-A, and ABD-B, all had credible pairing sites in the 3Ј untranslated regions of their mRNAs, and, although these genes were not high on either list of targets, monoclonal antibodies were available for all three products.
Embryos homozygous for the ⌬miRNA mutation showed no apparent changes in the patterns of ABD-A and ABD-B, but there were subtle differences in the UBX pattern (Fig. 4) . UBX is expressed strongly and comprehensively in the cells of parasegment 6 (PS6, primarily the first abdominal segment). In the second abdominal segment (PS7), ABD-A appears and turns off UBX, especially in the more anterior cells of the parasegment. In the more posterior segments, the UBX staining pattern weakens progressively, and the ABD-A pattern becomes somewhat stronger (Karch et al. 1990 ). However, in ⌬miRNA embryos, the UBX pattern is nearly constant from PS7 through PS12 (Fig. 4) . Thus, the progressive posterior decline in wild-type embryos appears not to be caused by ABD-A or ABD-B but rather by miR-iab-4 5p, whose expression shows a progressive posterior increase in PS8-12 (Fig. 1) .
In the eighth abdominal segment (PS13) of a wild-type embryo, UBX is almost completely absent in both the epidermis and the CNS. Homozygotes for ⌬miRNA show a partial derepression of UBX in the CNS in PS13 (Fig. 4) . The derepression is similar in pattern and intensity to that seen in AbdB −/+ heterozygotes (data not shown). The repression of Ubx could be indirect; miR-iab-8 could be a positive regulator of Abd-B (and miR-iab-4 a positive regulator of abd-A). But all known targets of miRNAs are negatively regulated, and so it seems more likely that both miRNAs directly regulate Ubx.
It is possible that the effects of these two miRNAs are masked by functional redundancy with abd-A (for miR-iab-4) and Abd-B (for miR-iab-8). Embryos lacking ABD-A (but retaining miR-iab-4) show a dramatic derepression of UBX in the second through seventh abdominal segments (Fig. 4) . There does appear to be a slight decline in UBX levels in the more posterior segments, which could be attributed to miR-iab-4 repression. A complete analysis would include the UBX expression in embryos lacking both abd-A and miR-iab-4, but that will require construction of an abd-A, ⌬miRNA double mutant chromosome. In any case, miR-iab-4 repression of Ubx is subtle, even in the absence of ABD-A. Similarly, in an Abd-B homozygous mutant embryo (retaining miR-iab-8), UBX expression in the eighth abdominal segment closely resembles that in the seventh (Fig. 4) . Again, a ⌬miRNA, Abd-B double mutant chromosome would be useful for comparison, but again it is clear that the repression of Ubx by miR-iab-8 is still subtle in the absence of ABD-B. There is no reason to expect that Ubx is the only target of these miRNAs; perhaps other target genes will be discovered which the miRNAs repress more dramatically.
MiR-iab-8 is the first example of a functional product of a ncRNA in the BX-C. There are no other predicted miRNA precursor sequences in the iab-8 RNA or elsewhere in the BX-C (the Antennapedia complex includes miR-10), but there are many other ncRNAs. The possibility that they also include functional products now seems more likely.
Two accompanying studies (Stark et al. 2008; Tyler et al. 2008 ) also demonstrate the existence of miR-iab-8 (called miR-iab-4AS or miR-iab-4AS-5p). Stark et al. (2008) recovered multiple clones of miR-iab-8, and thus define its sequence. Both studies predict, from sequence analysis, that miR-iab-8 might regulate Ubx.
Materials and methods
Gene conversion
The conversion donor plasmid was constructed starting with a genomic 3665-bp PstI fragment cloned into Bluescript II KS + (Strategene). This was cut with BstZ17I, and the gap was filled with a double-stranded oligonucleotide, as shown in Figure 2 . The mutated genomic sequence was removed from the Bluescript backbone as an EcoR1-NotI fragment, and was transferred to the pP{whiteOut} vector (generously provided by Jeff Sekelsky). The injection procedure was designed to yield both P-element transformants and direct convertants; in case no convertants were recovered in the first round, a genomic P insertion could be used as the donor in a second attempt. DNA from the donor plasmid (at 400 µg/mL) along with DNA from a P transposase source (⌬2-3 wings clipped, 150 µg/mL) was injected into eggs laid by a HCJ200/MKRS fly stock. Surviving G 0 Figure 4 . UBX protein expression in the CNS of stage 15 embryos (∼12 h old). The brackets to the left of each nerve chord mark the region of the third abdominal segment (PS8), and the brackets to the right mark the eighth abdominal segment (PS13). The miRNA − embryo, lacking both miR-iab-4 and miR-iab-8 (⌬miRNA homozygous), shows more uniform staining for UBX in the third through seventh abdominal segments, and ectopic staining in a few cells of the eighth abdominal segment. The repression of Ubx by ABD-A is much more dramatic, as illustrated in the abd-A − homozygote (using the abd-A D100.24 point mutation). Likewise, an Abd-B − homozygote (the HCJ199ry − mutation, a P-element insertion in the first exon of the Type I Abd-B mRNA) derepresses Ubx in the eighth abdominal segment much more dramatically than does miR-iab-8. miRNAs in the BX-C
